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,QWURGXFWLRQ
6HYHUDOFRXQWULHVKDYHODUJHVWRFNSLOHVRISOXWRQLXP$SRVVLEOHPHWKRGIRUWKHUHGXFWLRQRI3XVWRFNSLOHVLVWKH
XVH RI PL[HG R[LGH IXHO 02; WR SURGXFH SRZHU LQ FLYLOLDQ WKHUPDO QXFOHDU UHDFWRUV 0L[HG R[LGH IXHOV DUH
FRPSRVHGRIDPL[WXUHRIXUDQLXPDQGSOXWRQLXPR[LGHVW\SLFDOO\8DQG3X$OWKRXJKKLJKO\
UHF\FODEOH VRPH UHVLGXHV DULVLQJ IURP WKH SURGXFWLRQ RI02; IXHOV ZLOO HYHQWXDOO\ UHTXLUH GLVSRVDO  &HUDPLF
SKDVHVDUHSDUWLFXODUO\DWWUDFWLYHIRUDFWLQLGHEHDULQJZDVWHVGXHWRWKHLUDELOLW\WRLQFRUSRUDWHDKLJKDFWLQLGHZDVWH
ORDGLQJV  %UDQQHULWH 87L2 LV D PRQRFOLQLF SKDVH ZLWK VSDFH JURXS &P FRPPRQO\ IRXQG DV DQ DFFHVVRU\
PLQHUDOLQXUDQLXPGHSRVLWVDQGPXOWLSKDVHFHUDPLFZDVWHIRUPVGHVLJQHGIRUGLVSRVDORIDFWLQLGHEHDULQJZDVWHV
7KHEUDQQHULWHVWUXFWXUHFRQVLVWVRIOD\HUVRI7L2RFWDKHGUDZLWKODUJHUFDWLRQVORFDWHGEHWZHHQWKHOD\HUVQDWXUDO
EUDQQHULWHVH[KLELWFRQVLGHUDEOHFKHPLFDOIOH[LELOLW\ZLWKHOHPHQWVVXFKDV&D<3E&HDQG7KEHLQJLQFRUSRUDWHG
RQ WKH 8 VLWH DQG )H 6L DQG $O VXEVWLWXWLQJ RQ WKH 7L VLWH  $OWKRXJK QDWXUDO VDPSOHV DUH RIWHQ IRXQG WR EH
FRPSOHWHO\PHWDPLFW WKHSUHVHQFHRIEUDQQHULWH LQYLDOVHGLPHQWVDIWHU WKHZHDWKHULQJRIKRVWURFNVLQGLFDWHV WKDW
EUDQQHULWHV SRVVHVV VXIILFLHQW DTXHRXV GXUDELOLW\ IRU FRQVLGHUDWLRQ DV SRWHQWLDO KRVWPDWULFHV IRU DFWLQLGH EHDULQJ
ZDVWHV

,Q WKLV VWXG\ WKH SURGXFWLRQ RI EUDQQHULWHV VXLWDEOH IRU 02; GLVSRVDO ZDV LQYHVWLJDWHG E\ V\QWKHVLVLQJ
EUDQQHULWHVZLWKDUDQJHRI*GFRQWHQWV*G[8[7L2XQGHUGLIIHUHQWDWPRVSKHUHVLQDQDWWHPSWWRILQGDVXLWDEOH
EDVHOLQH FRPSRVLWLRQ DQG SURFHVVLQJ FRQGLWLRQV  3UHYLRXV VWXGLHV KDYH VKRZQ WKDW DOWKRXJK V\QWKHVLV RI
VWRLFKLRPHWULF EUDQQHULWH UHTXLUHV LQHUW FRQGLWLRQV LW LV SRVVLEOH WR VWDELOL]H WKH EUDQQHULWH VWUXFWXUH LQ DLU E\ WKH
DGGLWLRQRIGRSDQWV&D/D*G±
0DWHULDOVDQGPHWKRGV
2.1. Materials synthesis 
%UDQQHULWHV ZLWK FRPSRVLWLRQ *G[8[7L2 ZHUH V\QWKHVLVHG YLD WKH R[LGH URXWH XQGHU R[LGL]LQJ RU LQHUW
DWPRVSKHUHVDLURUDUJRQ:DVWHORDGLQJVZHUHYDULHGDFURVVWKHFRPSRVLWLRQVZLWKYDU\LQJOHYHOVRI*GDGGHGWR
DFWDVDQHXWURQDEVRUEHUIRUWKHILQDO3XEHDULQJZDVWHIRUP[ DQG&KDUJHEDODQFLQJRIWULYDOHQW
FDWLRQVZDVH[SHFWHG WRRFFXUYLD WKHR[LGDWLRQRI8,9 WRKLJKHUR[LGDWLRQVWDWHV 8989,DVREVHUYHG LQ
SUHYLRXVLQYHVWLJDWLRQV

6WRLFKLRPHWULFDPRXQWVRIR[LGHSUHFXUVRUV82*G27L2ZHUHPL[HGZLWK LVRSURSDQRO WRIRUPDVOXUU\
DQGEDOOPLOOHGXVLQJD)ULWVFK3XOYHULVHWWHIRUILYHPLQXWHVDWDIUHTXHQF\RI+]7KHPLOOHGVOXUU\ZDVWKHQ
GULHGLQDQRYHQ6LQWHUHGSHOOHWVZHUHSURGXFHGE\XQLD[LDOO\SUHVVLQJJRIPDWHULDOLQDKDUGHQHGVWHHOGLHZLWK
DORDGRIWRQVWRIRUPDJUHHQERG\IROORZHGE\UHDFWLRQXQGHUIORZLQJDLURUDUJRQDW°&IRUKRXUV
2.2. Materials characterization 
6LQWHUHG EUDQQHULWHVZHUH JURXQG DQG FKDUDFWHUL]HG E\ [UD\ SRZGHU GLIIUDFWLRQ XVLQJ D%UXNHU' 3KDVHU LQ
%UDJJ%UHQWDQRJHRPHWU\ZLWKD&XVRXUFHDQG1LIRLO.ɴILOWHU /DWWLFHSDUDPHWHUVZHUHIRXQGE\SHUIRUPLQJD
/H%DLOUHILQHPHQWRIWKHGDWD

0LFURVWUXFWXUHDQGSKDVHGLVWULEXWLRQRIVLQWHUHGSHOOHWVZDVLQYHVWLJDWHGE\VFDQQLQJHOHFWURQPLFURVFRS\DQG
HQHUJ\GLVSHUVLYH[UD\VSHFWURVFRS\6(0(';XVLQJD+LWDFKL706(0HTXLSSHGZLWKD%UXNHU4XDQWD[
('; GHWHFWRU  6DPSOHV ZHUH SUHSDUHG IRU 6(0 DQDO\VLV E\PRXQWLQJ LQ FROG VHWWLQJ UHVLQ DQG SROLVKLQJ ZLWK
SURJUHVVLYHO\ ILQHU6L&SDSHUDQGGLDPRQGSDVWHV WRDQRSWLFDO ILQLVK P 6DPSOHVZHUH VSXWWHUFRDWHGZLWK
FDUERQWRUHGXFHVXUIDFHFKDUJLQJHIIHFWV
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5HVXOWVDQGGLVFXVVLRQ
3.1. Air sintered samples 
$OO V\QWKHVLVHGEUDQQHULWHVZHUH FKDUDFWHUL]HGE\SRZGHU [UD\GLIIUDFWLRQ DQG VFDQQLQJ HOHFWURQPLFURVFRS\
;UD\GLIIUDFWLRQIRXQGVKDUSSHDNVLQGLFDWLYHRISURWRW\SLFDOEUDQQHULWHIRUDOOFRPSRVLWLRQV7KHVHFRQGDU\SKDVHV
82DQGUXWLOH7L2ZHUHDOVRREVHUYHGDQGIRXQGWRYDU\ZLWKWKHOHYHORI*GVXEVWLWXWLRQVHH)LJXUH$V*G
VXEVWLWXWLRQZDVLQFUHDVHGWKHUHODWLYHLQWHQVLWLHVRI82DQGUXWLOHGHFUHDVHGZKHUHDVWKHLQWHQVLW\RIWKHEUDQQHULWH
SHDNVZDV IRXQG WR LQFUHDVH LQGLFDWLQJ D KLJKHU \LHOG RI EUDQQHULWH  7KH EUDQQHULWHPLFURVWUXFWXUH REVHUYHG E\
VFDQQLQJHOHFWURQPLFURVFRS\FORVHO\PDWFKHGWKDWLQGLFDWHGE\[UD\GLIIUDFWLRQ$VFDQEHVHHQLQ)LJXUHWKH
UHODWLYH SURSRUWLRQV RI EUDQQHULWH 82 DQG UXWLOH YDU\ ZLWK WKH OHYHO RI *G VXEVWLWXWLRQ  $V *G VXEVWLWXWLRQ
LQFUHDVHV WKH DPRXQW RI EUDQQHULWH IRUPHG LQFUHDVHV DQG WKH DPRXQW RI 82 DQG UXWLOH SUHVHQW GHFUHDVHV LQ
DJUHHPHQWZLWK;5'GDWD

)LJXUH;UD\SRZGHUGLIIUDFWLRQGDWDIRU*G[8[7L2FRPSRVLWLRQVVLQWHUHGLQDLUDW°&

)LJXUH5HSUHVHQWDWLYHEDFNVFDWWHUHGHOHFWURQLPDJHVIRU*G[8[7L2FRPSRVLWLRQVVLQWHUHGLQDLUDW°&
% %UDQQHULWH5 5XWLOH8 82
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6LQWHULQJ VDPSOHV LQ DLU ZDV IRXQG WR UHVXOW LQ WKH IRUPDWLRQ RI WKUHH GLVWLQFW SKDVHV EUDQQHULWH 82 DQG
UXWLOH7L23DWFKHWWDQG1XIILHOGIRXQGWKDWVLQWHULQJVWRLFKLRPHWULFEUDQQHULWHEDWFKHVLQDLUUHVXOWVLQWKH
IRUPDWLRQRI UXWLOH DQG82  LWZRXOG WKHUHIRUH DSSHDU WKDW WKH DGGLWLRQRI*G VWDELOL]HV WKH IRUPDWLRQRI WKH
EUDQQHULWHSKDVHLQDLU7KHVHUHVXOWVDUHLQDJUHHPHQWZLWKERWK9DQFHHWDODQG-DPHVDQG:DWVRQ
ZKRDOVRIRXQGWKDW*GVWDELOL]HGWKHIRUPDWLRQRIEUDQQHULWHLQDLUDQGWKDW*GVXEVWLWXWHGEUDQQHULWHVZLWK[
IRUPHGDPL[WXUHRIEUDQQHULWH82DQGUXWLOH

6(0('; ZDV XVHG WR VWXG\ WKH HOHPHQWDO GLVWULEXWLRQ RI EUDQQHULWHV V\QWKHVLVHG LQ DLU W\SLFDO UHVXOWV DUH
VKRZQ LQ)LJXUH 8UDQLXPZDV IRXQG WREH ORFDOLVHG LQ WKH82DQGEUDQQHULWHSKDVHVZLWKQR LQFRUSRUDWLRQ
DSSDUHQWZLWKLQUHJLRQVLGHQWLILHGDVUXWLOH6LPLODUWR87LZDVIRXQGWREHORFDOL]HGLQWKHUXWLOHDQGEUDQQHULWH
SKDVHVZLWKQRLQFRUSRUDWLRQDSSDUHQWZLWKLQUHJLRQVLGHQWLILHGDV82*GZDVIRXQGWREHSUHVHQWWKURXJKRXWWKH
VDPSOHVEXWLVSUHIHUHQWLDOO\LQFRUSRUDWHGLQWRWKHEUDQQHULWHSKDVHDQGQRWWKH82RUUXWLOHSKDVHV

)LJXUH5HSUHVHQWDWLYHEDFNVFDWWHUHGHOHFWURQLPDJHDQG(';PDSVRI8*GDQG7LIRU*G87L2VLQWHUHGLQDLUDW°&
3.2. Ar sintered samples 
6LQWHULQJVDPSOHVXQGHUDQDUJRQDWPRVSKHUHUHVXOWHGLQDGLIIHUHQWSKDVHDVVHPEODJHWRWKDWREVHUYHGIRUDLUILUHG
VDPSOHV  :KHQ DQDO\VHG E\ ;5' VKDUS SHDNV LQGLFDWLYH RI SURWRW\SLFDO EUDQQHULWH ZHUH IRXQG LQ DOO FDVHV
KRZHYHULWZDVIRXQGWKDWWKHOHYHORI*GVXEVWLWXWLRQDIIHFWHGWKHILQDOSKDVHDVVHPEODJH$VVKRZQLQILJXUH
VDPSOHVZLWK[ ZHUHIRXQGWRIRUPQHDUVLQJOHSKDVHEUDQQHULWHLQFOXVLRQVRIXQUHDFWHG82DQGUXWLOHZHUH
DOVRREVHUYHG6DPSOHVZLWK[ RUGLGQRWVKRZHYLGHQFHRIUHWDLQHG82EXWZHUHLQVWHDGIRXQGWRFRQWDLQ
DQDGGLWLRQDOS\URFKORUHSKDVHPDMRUSHDNVHYLGHQWDWDSSUR[LPDWHO\DQGșDQGPLQRULQFOXVLRQVRI
UXWLOH &RQVLGHULQJ WKH UHODWLYH LQWHQVLWLHV RI WKH S\URFKORUH SHDNV REVHUYHG LWZRXOG DSSHDU WKDW LQFUHDVLQJ*G
VXEVWLWXWLRQVLPSO\UHVXOWVLQWKHIRUPDWLRQRIDJUHDWHUDPRXQWRIWKHS\URFKORUHSKDVH0XOWLSOHKHDWWUHDWPHQWVDW
&DQGGXSOLFDWHGH[SHULPHQWVDW&VHH)LJXUHGLGQRWUHVXOWLQPRUHIDYRXUDEOHSKDVHDVVHPEODJHV
LQGLFDWLQJ WKDW WKHREVHUYHGSKDVHDVVHPEODJHVDUHPRVW OLNHO\QRW D UHVXOWRINLQHWLF IDFWRUV DQGPRUH OLNHO\ WKH
UHVXOWRIFRPSRVLWLRQDOHIIHFWV7KHVHUHVXOWVDUHVXSSRUWHGE\WKHPLFURVWUXFWXUHVREVHUYHGE\HOHFWURQPLFURVFRS\
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
)LJXUH;UD\SRZGHUGLIIUDFWLRQGDWDIRU*G[8[7L2FRPSRVLWLRQVVLQWHUHGLQDUJRQDW°&

)LJXUH;UD\SRZGHUGLIIUDFWLRQGDWDIRU*G[8[7L2FRPSRVLWLRQVVLQWHUHGLQDUJRQDW°&
7KH UHILQHG ODWWLFHSDUDPHWHUV VHH7DEOH VXJJHVW WKDWGHVSLWH LQFUHDVLQJ DPRXQWVRI*GEHLQJ DGGHG WR WKH
LQLWLDOEDWFKQRH[WUD*GLVLQFRUSRUDWHGLQWRWKHEUDQQHULWHVWUXFWXUHZLWKLQFUHDVLQJ*GVXEVWLWXWLRQ&RQVLGHULQJ
WKHUHVSHFWLYHLRQLFUDGLLRI8,9DQG*G,,,LQVL[IROGFRRUGLQDWLRQDQGc; LWZRXOGEHH[SHFWHG
WKDWWKHLQFRUSRUDWLRQRILQFUHDVLQJDPRXQWVRI*GZRXOGUHVXOWLQDQLQFUHDVHLQWKHODWWLFHSDUDPHWHUVRIWKHXQLW
FHOODVFDQEHVHHQWKHUHLVQRQRWDEOHYDULDWLRQLQWKHODWWLFHSDUDPHWHUVZLWKUHVSHFWWR*GVXEVWLWXWLRQ
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7DEOH5HILQHGODWWLFHSDUDPHWHUVIRUWKH*G[8[7L2FRPSRVLWLRQVVLQWHUHGLQLQHUWDWPRVSKHUHV
[ D E F ɴ
    
    
    

)LJXUH5HSUHVHQWDWLYHEDFNVFDWWHUHGHOHFWURQLPDJHVIRU*G[8[7L2FRPSRVLWLRQVVLQWHUHGLQDUDW°&
% %UDQQHULWH3 3\URFKORUH5 5XWLOH8 82

)LJXUH5HSUHVHQWDWLYHEDFNVFDWWHUHGHOHFWURQLPDJHDQG(';PDSVRI8*GDQG7LIRU*G87L2VLQWHUHGLQDUJRQDW°&
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$VFDQEHVHHQLQ)LJXUHLQFUHDVLQJ*GVXEVWLWXWLRQOHDGVWRWKHIRUPDWLRQRIJUHDWHUDPRXQWVRIDVHFRQGDU\
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